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Abstract 

Investigations involving artificial excita- 
tion of various shear flows are reviewed. Poten- 
tial applications of excitation in flow control, 
e.g., in enhancing mixing, and in delaying transi- 
tion and separation are discussed. An account is 
given on the current activities at NASA Lewis 
Research Center in this regard. 

1 . Introduction 

In the last 50 years or so, artificial excita- 
tion has been widely used as an experimental tool 
to advance our understanding of shear flow dynam- 
ics. The concepts of flow instability leading to 
transition, and of the large scale coherent struc- 
tures in turbulent shear flows have prompted numer- 
ous experiments involving excitation. The purpose 
of the excitation has been to introduce a disturb- 
ance to be followed in space or time for the insta- 
bility study, or to organize the coherent structures 
so that they could be "educted" with relative ease 
from the background randomnesses of a turbulent 
flow. Experience from these studies has also led 
to the possibility of utilizing excitation to achieve 
control of certain types of flow phenomena, e.g., 
boundary layer transition and separation, and shear 
layer mixing. In this paper we discuss the general 
scope of excitation as a tool of f luidmechanics 
research, with emphasis on experimental studies and 
on aspects of flow control. A review is given 
first, followed by a discussion on current and 
future efforts at NASA Lewis in this connection. 

2. Review 

The principal applications of artificial exci- 
tation have been in the studies of: (a) flow 

instability, (b) large scale coherent structures, 
and (c) control of various flows. These interre- 
lated aspects of fluidmechanical research are fur- 
ther categorized in Table 1 and discussed below. 

2 . 1 Flow Instabi 1 i ty 

Stability analysis based on the small ampli- 
tude perturbation of flows is regarded today as a 
powerful tool providing an understanding of the 
events leading to transition. In the beginning, 
however, there was skepticism as, "in the late 
thirties the prevailing view was. ...that stability 
theory had little or no connection with boundary 
layer transition,". 1 It was Schubauer and 
Skramstad's 2 landmark experiment, revealing the 
growing two-dimensional waves prior to transition 
in a flat plate boundary layer, that firmly sup- 
ported the earlier analytical predictions of 
Tollmien and Schlichting. Klebanoff et al. 3 in a 
later experiment observed a distinct secondary 
instability in the growing "Tol Imien-Schl ichting" 
waves. This was later analyzed by Craik 4 and fur- 
ther by Herbert; 5 Kachanov and Levchenko, 6 among 
others, reported further experimentation on the 
subject. The basic concept in Craik's analysis, 
viz. the interaction of two oblique waves with the 


fundamental T-S wave, has been put to use by Corke 
and Mangano 7 in experiments studying the secondary 
instability in a controlled manner. Arrays of heat- 
ing strips with phased signals were used to intro- 
duce two oblique waves; the phasing determined the 
included angle which in turn controlled the span- 
wise wavenumber. 

By far the most extensive analysis of the sta- 
bility of a free shear layer has been carried out 
by Michalke. 8 Freymuth's 9 experiment in an acous- 
tically excited shear layer confirmed Michalke's 
predictions of the growth rates associated with 
different Strouhal number components. Michalke 10 
also analyzed the axi symmetric mixing layer, tak- 
ing into account the ratio of the jet diameter <D) 
to the shear layer momentum thickness (8) as a 
parameter, and found general agreement with the 
results of Crow and Champagne's 11 experiment. 
Bechert and Pf izenmaier 12 in a subsequent experi- 
ment confirmed Michalke's prediction of phase 
velocities greater than the jet velocity occurring 
at low Strouhal number and for large D/0. The 
instability of helical mode disturbances in axisym- 
metric jets has been studied, among others, by 
Ahuja et al. 12 and Strange and Crighton. 14 Cohen 
and Wygnanski 15 recently considered the modal dis- 
tributions of coherent structures both analyti- 
cally and experimentally; this will be discussed 
in some detail in section 3. 

Artificial excitation has also been used to 
study the instability of many other free flows, 
e.g., that of slit jets, 16 of wakes, 17 of elliptic 
jets, 18 * 19 and of hot jets. 20 

2.2 Large Scale Coherent Structure Study 

The concept of large-scale coherent structures 
in turbulent shear flows 21 has provided a tremen- 
dous impetus in turbulence research. The notion of 
orderliness in these structures, responsible for 
most of the transport, noise production, etc., pro- 
duced the enthusiasm and expectation that a knowl- 
edge of their characteristics may lead to viable 
turbulence models and theories. Thus, there has 
been a number of experiments conducted to measure 
the characteristics of these structures. Artifi- 
cial excitation in these studies has been used to 
a somewhat different end. Because of the random- 
ness in the characteristics of successive struc- 
tures one needs to perform elaborate conditional 
sampling measurements in order to "educt" the aver- 
age properties. Appropriate excitation, however, 
organizes the structures and raises them "to high 
amplitude above the random background" and thus 
renders them easier to study. 11 

There are situations where the "preferred 
structures" in the natural flow are made periodic 
by appropriate excitation, in which case the condi- 
tional sampling, employed for the eduction, reduces 
to the relatively simple and less ambiguous phase 
averaging. This was the basic idea utilized in 
many experiments, e.g. 22 " 24 Controlled excitation 
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made It possible to study the interactions, among 
the coherent structures as well as between the 
coherent and the incoherent fields, 22 in such 
detail as would be impossible otherwise. Such 
knowledge gathered so far on the coherent structure 
dynamics has yet to be included profitably in any 
turbulence model. However, certain numerical 
analyses, 25 treating the coherent structures as a 
set of harmonics of instability waves, have done 
quite well in predicting the gross features of the 
flow. 

2.3 Flow Control 

The third main application of artificial exci- 
tation has been in attempts to control or suitably 
modify various flows with technological benefits in 
mind. The aim here is to achieve desired changes 
in the flows, e.g., enhanced mixing or reduced sep- 
aration, in order to gain higher efficiencies in 
f luidmechani cal devices. This is the general focus 
of the activities of the group at NASA Lewis to 
which the authors belong. The approach taken here 
can often be somewhat less rigorous, sometimes 
involving trial and error, which is well justified 
by the complexities of the flows involved. How- 
ever, successful research in this area must draw on 
the experience from the fundamentals, going hand in 
hand with the areas covered in sections 2.1 and 
2 . 2 . 

The research activity in flow control can be 
further subdivided in categories as shown in 
Table 1. We concern ourselves only with methods 
involving controllable, artificial excitation. 

There are other approaches including many promis- 
ing "passive" methods; an excellent review of 
research on turbulent boundary layer drag reduc- 
tion has been given by Bushnell. 25 The possibili- 
ties of boundary layer transition control have been 
discussed by Reshotko. 27 Stone and Mckinzie 28 dis- 
cussed the potential of acoustic excitation in flow 
control . 

2.3.1 Enhanced mixing . Past experimental stud- 
ies indicate that excitation can increase turbu- 
lence and enhance mixing in shear flows resulting 
in increased spread rates, reduction in jet plume 
temperature, etc. 11 * 13 ’ 2 ^ Jet plume temperature 
reduction is sought to cut down on the infra-red 
signature, to reduce wing surface heating in over- 
or under-the-wi ng engi ne conf i gurations , as well as 
in Vertical Takeoff and Landing aircraft to avoid 
ground erosion, hot gas ingestion, etc. 28 Other 
potential applications are in chemical process 
industries and in the improvement of combustion and 
convective heat transfer effi ci encies . Current 
research on the effect of acoustic excitation on 
jet mixing is further discussed in section 3. 

2.3.2 Turbulence suppression . Certain high 
frequency excitation of jets and shear layers can 
reduce turbulence levels. A comprehensive documen- 
tation of the phenomenon occurring in round and 
slit jets, as well as single mixing layers, was 
provided in Ref. 30. It turns out that excitation 
at frequencies about 40 percent higher than the 
natural initial roll up frequency of the shear 
layer produces the effect. The effect is very pro- 
nounced in flows with initially laminar or transi- 
tional boundary layers but diminishes as the ini- 
tial boundary layer approaches a fully turbulent 
state. 31 


2.3.3 Boundary layer transition control . The 
possibility of delaying transition in boundary 
layers has been explored in several experiments. 

T-S waves introduced by one vibrating ribbon have 
been successfully cancelled by anti-phased waves 
introduced by a second, downstream ribbon. 32-33 
However, cancelling natural T-S waves, and thus 
significantly delaying the transition otherwise 
occurring in the natural boundary layer, has not 
been successfully demonstrated yet. 

On the other hand, enhancing transition in 
boundary layers or "transition fixing" by artifi- 
cial excitation seems quite feasible. 34 This has 
the potential application in separation control as 
discussed in the following subsection. 

2.3.4 Separation control . The authors believe 
that a large potential exists for performance 
improvement in various fluid mechanical devices 
through control of separation. "Passive" tripping 
devices are widely used to force transition of lam- 
inar boundary layers or energize turbulent boundary 
layers so that separation is delayed. This signif- 
icantly reduces profile drag (an often cited appli- 
cation is the "dimpled golf ball"), while increas- 
ing the lift of airfoils. However, such passive 
separation control usually involves trial and 
error. The tripping device that may work in one 
flow situation may not only be ineffective in 
another but also represent a drag penalty at higher 
Reynolds number. 35 "Active" separation control 
(i.e., with the ability to change parameters in the 
controlling device according to need), through 
artificial excitation, appears much more promising 
in this regard. In the following, the items under 
this subheading in Table 1 are further discussed. 

Flow over ai rfoi 1 s/blades : The effect of 

acoustic excitation in improving lift and delaying 
stall for two-dimensional airfoils has been stud- 
ied, among others, by Ahuja and Burrin 36 and Zaman 
et al. 37 In the experiment of Ref. 36, extensive 
data were obtained in post-stalling conditions cov- 
ering Reynolds numbers up to a million. It was 
shown that excitation not only improved the stall 
margin but also reduced the severity of stall, 
i.e., the lift coefficient was increased even in 
the post-stalling angles of attack. It was infer- 
red that the improvement achieved with excitation 
diminished with increasing Reynolds number, how- 
ever, the excitation frequency and amplitude 
required to control separation on airfoils ought to 
increase with increasing Re. The effectiveness of 
higher frequencies and levels of excitation at high 
Re remains to be investigated. 

In the experiment of Ref. 37, carried out at 
low Re, the effect of wind tunnel resonance on the 
results has been addressed. It was shown that tun- 
nel resonances inducing large cross-stream velocity 
perturbations, rather than ones inducing large 
pressure perturbations, near the airfoil were most 
effective in separation control. Thus, excitation 
methods specifically inducing cross-stream velocity 
perturbation appear more promising. In an on-going 
experiment at NASA Langley, a vibrating wire located 
in front of the leading edge of an airfoil (induc- 
ing the cross-stream velocity perturbation), at low 
Re, has produced more pronounced separation control 
(A. Bar-Sever, private communication). 

Turbomachinery . The flows in turbomachinery 
are very complex but the performance limitations 
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also arise from flow separation over the blades. 
These manifest themselves in terms of blade row 
"stall margin" and also as more complex phenomena 
such as rotating stall, dynamic stall, etc. It is 
conceivable that active excitation of the flows 
over individual blades or even global excitation of 
the flow may improve turbomachinery performance. 

Some of these possibilities have been discussed in 
Ref. 38 which also cites an experiment in which 
improvement in the performance of a compressor was 
achieved by using only a loudspeaker. 

Dynamic effects on stall . Stalling together 
with unsteady flow effects is referred to as 
dynamic stall. The combined translating and rotat- 
ing motion of a helicopter blade is most commonly 
cited as an example of dynamic stall; the effec- 
tive pitch of the blade varies during a revolution 
and thus may subject the blade to cyclic stalling 
and unstalling. Dynamic stall can result in unde- 
sirable structural vibrations resulting in "stall 
flutter" of propellers, compressor blades, etc. 
(McCroskey 39 provides a comprehensive review). The 
phenomenon is usually simulated in a wind tunnel by 
periodically oscillating an airfoil in pitch. 40 
The physical process in dynamic stall involves a 
"vortex-like" disturbance originating from the 
leading edge region, possibly due to the bursting 
of a leading edge bubble, and passing over the 
upper surface of the airfoil during a cycle of the 
unsteadiness 39 . Again, since the phenomenon 
involves a leading edge bubble and separation, it 
is conceivable that some amount of control could 
be achieved by artificial excitation. An experi- 
ment involving an oscillating airfoil together with 
acoustic excitation is in its preliminary stages 
at NASA Lewis. 

Diffuser Separation . Separation control in 
diffusers, inlets and nozzles and transition ducts 
is an important area of active flow control 
research. Viets et al. 41 have shown the influence 
of unsteady flow perturbations on the flow reat- 
tachment of separated two-dimensional diffusers. 

They produced vorticity oscillations (with spiral 
shaped rotors mounted in the walls) which flowed 
into the separation region of the diffuser. Reat- 
tachment was demonstrated using both flow visuali- 
zation and wall measurements which showed a diffuser 
performance improvement with the reattached flow. 

A vital element of active diffuser separation con- 
trol work is to find excitation devices that have 
sufficiently low aerodynamic losses to provide 
practical solutions to the problem. Simpson 42 pro- 
vides a review of separation and reattachment phe- 
nomena in diffusers, over blunt bodies and backward 
facing steps, etc. 

2 . 4 Methods of Excitation : 

In boundary layer stability and control exper- 
iments, T-S waves have been typically introduced 
by vibrating ri bbons .2,3,6,33 n US h mounted heat- 
ing strips, introducing periodic heat flux, have 
also been used. 7 ’ 32 ’ 34 Heating strips, however, 
are much more effective in water than in air. It 
was shown in 32 that for a given amplitude of tem- 
perature fluctuation, the amplitude of cross- 
stream velocity fluctuation induced in air is about 
twenty times less than that in water. Thus, heat- 
ing strips do not seem to be promising as large 
amplitude excitation device in air. 43 However, for 


purposes of triggerring transition in many situa- 
tions they seem to be adequate. 34 Acoustic excita- 
tion has also been used to introduce T-S waves, 
e.g. 44 The "receptivity" of the boundary layer to 
such excitation has been analyzed by Goldstein, 
e.g. 45 

In free shear flows, acoustic excitation has 
been used very extensively. Acoustic drivers 
placed upstream in the plenum chamber have been 
used to excite jets, usually utilizing the settling 
chamber cavity resonances. 1 ’* 12 ’ 29 ’ 31 The excita- 
tion is in the form of a periodic fluctuation of 
the flow which is uniform at the exit plane. 

Besides this "internal" excitation, "external" 
excitation of only the annular shear layer near 
the jet exit has also been employed by circumferen- 
tial arrays of dri vers . 1 5, 2 0, 4 6 /\ circumferential 
array of acoustic drivers was also used to excite 
helical mode instabilities in round jet$. 13 ‘ 15 
Other methods of excitation in both free and wall 
bounded flows include vibrating wires, 47 flaps, 24 
sparks, 48 corona discharge, 28 etc. 

3. Efforts at NASA Lewis 

The NASA Lewis effort on "control of shear 
flows by artificial excitation," the description of 
which is the main emphasis of this paper, is car- 
ried out in the Internal Fluid Mechanics Division. 
The work is an outgrowth of the jet noise research 
program. The effort is carried on by seven 
researchers, six performing mainly experimental 
work and one performing numerical experiments. A 
significant contract and grant program has been in 
place to supplement the in-house program. Each 
effort will be briefly summarized below. The main 
emphasis of the program is flow control but the 
efforts on fundamental understanding of the phys- 
ics, required to successfully control the flow, 
should provide many side benefits in better under- 
standing unsteady aerodynamics and turbulence. 

3. 1 In-house 

The several elements of the in-house program 
are summarized below. 

3.1.1 Initial turbulence effect on the excita- 
bi 1 i t,y of a ,jet . Natural jet evolution was found to 
remain unaffected for different initial turbulence 
levels varied (using grids) over the range 0.15 to 
5 percent. Tonal excitation, with velocity pertur- 
bation amplitude of as little as 0.25 percent of the 
jet velocity, measurably altered all jets; however, 
for a fixed amplitude of excitation, the excitabil- 
ity diminished systematically with increasing ini- 
tial turbulence. Jets with initially laminar 
boundary layers decayed faster naturally; conse- 
quently, they were less susceptible to tonal exci- 
tation. Further details are discussed in Ref. 29. 

3.1.2 Excitation of swirling jets . The effect 
of acoustic excitation on an axi symmetr i c , cold jet 
with and without swirl has been studied experimen- 
tally- 49 Plane wave, single frequency excitation 
was imparted to the jet "internally" by acoustic 
drivers placed upstream in the plenum chamber. 
Comparative velocity fluctuation measurements were 
performed on the jet axis, using a hot-wire, for a 
case with a swirl number of 0.35 and a case with- 
out swirl but with the same initial, axial mass 
flux. It has been found that the swirling jet is 
exci table ; however, the instability wave grows 
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about 50 percent less in peak rms amplitude, and 
saturates farther upstream compared to the corre- 
sponding waves in the jet without swirl. Measure- 
ments made 2.5 diameters downstream of the nozzle 
exit with varying frequency but fixed amplitude of 
the excitation, show that in both cases the insta- 
bility wave receives maximum amplification at a 
Strouhal number of about 0.4, the latter being 
based on the mass averaged axial velocity and the 
jet diameter. 

3.1.3 Experiments on airfoils . The effect of 
acoustic excitation in removing laminar separation, 
at small angles of attack and at low Re, has been 
studied experimentally. Experiments were conducted 
to determine the frequency dependence of this proc- 
ess; preliminary results from four different air- 
foils show that excitation at about fv/U 0 2 « 10~ 5 
is most effective; here, f is the excitation fre- 
quency, v the kinematic viscosity and U 0 the 
free-stream velocity. Detailed hot-wire surveys 
indicate that the excitation effect takes place in 
the separated shear layer and not in the upstream 
boundary layer. 

An unusually low frequency unsteady flow in 
the wake of an airfoil, first reported in Ref. 37 
and seemingly associated with stall flutter, is 
under investigation. The unsteady oscillation 
occurs naturally in the wake of a rigidly held air- 
foil at a frequency about an order of magnitude 
lower than the usual "bluff body shedding" fre- 
quency. It appears akin to low frequency unsteadi- 
ness in transitory stall in diffusers. 42 The 
oscillation originates from near the leading edge 
and is felt strongly on the upper surface of the 
airfoil. It exerts strong unsteady forces on the 
airfoil; if the airfoil is loosened from the rigid 
mount it starts fluttering. The phenomenon has 
been found to occur in flows with relatively high 
turbulence intensity but not in cleaner flows. It 
is also found to be controllable by high frequency 
acoustic excitation. Detailed experimentation is 
under way, and some results will be discussed in 
the oral presentation. 

3.1.4 High amplitude excitation device . Exci- 

tation devices may be classified into two catego- 
ries: those used for research purposes and those 

which can be used to excite and control a flow of 
practical interest. In the first category, ordi- 
nary acoustic drivers, oscillating flaps, etc. 
might prove sufficient for most purposes especially 
in low Mach number flows. However, as Mach number 
is increased and background noise and turbulence 
level increase, there is a struggle to attain suf- 
ficient excitation amplitude to influence the 
flow. Ahuja et al 2( ? have gone to eight externally 
mounted drivers located right at the nozzle exit. 
They are able to attain a sound pressure level at 
the nozzle exit centerline of 147 dB over a reason- 
able frequency range. The external driver arrange- 
ment is also advantageous in that arbitrary modes 
can be driven in the shear layer whereas with the 
"internal excitation" only axisymmetric modes, in 
the useful frequency range, can be driven due to 
acoustic cut-off in the nozzle. In order to 
increase the excitation capability, in-house tests 
have been conducted using an electro-pneumatic 
driver with the removal of the steady flow driving 
the device. The steady flow (up to 0.55 lbm/sec 
per driver) is undesirable since it would disturb 
the flow under study. The device successfully 


removed the steady flow but allowed the oscillat- 
ing waves to pass. The results will be reported 
in the future. 

In the second category of devices to excite 
practical flows, certain properties are desirable. 
The device should preferably have a minimal power 
requirement, no moving parts, and should be compact 
and adjustable in frequency and amplitude over rea- 
sonable ranges. Pneumatic or fluidic oscillators 
are a class of devices that may satisfy these 
requirements. The simple slot resonator is an 
example in this class which has been studied exten- 
sively. 50-52 An example of the use of the slot 
resonator would be to locate it just inside the 
nozzle lip of a jet to produce large vortical fluc- 
tuations. The design of such a device must consid- 
er several factors. First, the separating shear 
layer at the upstream edge of the slot has its own 
instability frequency range. This must be properly 
matched to the cavity dimensions to produce high 
amplitude response in the cavity. Secondly, the 
entire device must then be matched to the jet "pre- 
ferred frequencies" scaling on the shear layer 
thickness and the jet diameter. Finally, the slot 
excitation could be stimulated by some "tickler" 
device to achieve some control on the frequency and 
amplitude as well as mode shape. In-house experi- 
ments on such a device are currently being con- 
ducted. The flip-flop jet nozzle studied by 
Viets 53 and the whistler nozzle studied by Hasan 
and Hussain 54 are other exmples of fluidic oscilla- 
tors used to excite shear layers. 

3.1.5 Shear layer linear stability calcula- 
tions . Calculations of the growth of disturbances 
in the jet shear layer using the theory of 
Michalke 55 have been made. 55 * 5 ? Measured velocity 
profiles of co-annular flows, having a hot primary 
jet, have been used. The flows represent realis- 
tic turbofan engine exhaust conditions and the 
profiles are obtained from actual two-stream exper- 
iments. The calculations have provided useful rel- 
ative instability characteristics for different 
conditions and configurations. The frequency range 
of instability is observed to broaden when the 
outer jet is added to the primary jet. For both 
the axisymmetric and first circumferential mode, a 
higher secondary (outer) to primary velocity ratio 
(0.68 as opposed to 0.3) greatly increases the mode 
instability while heating the secondary jet reduces 
the instability. 

3.1.6 Diffuser separation control . Controlling 
separation in propulsion system inlets, diffusers 
and transition ducts is very important. Active 
control of these flows using excitation will be a 
major part of the NASA Lewis research program. A 
first step in this direction involved the study of 
separation control of the flow over a two- 
dimensional diffuser ramp located on the floor of 
the NASA Lewis 20- by 30-in. Wind Tunnel. The ramp 
had a fairly rapid rise (consequently, flow area 
contraction) followed by a 20° downstream diffu- 
sion. When the boundary layer was laminar, the 
flow separated at the beginning of the diffusing 
section. A small oscillating airfoil was located 
on the surface at the separation point. A small 
magnitude oscillation of this airfoil caused com- 
plete reattachment of the flow with pressure 
recovery occurring all along the downstream ramp. 
However, when the tunnel velocity was increased 
and the boundary layer became turbulent, the ramp 
flow did not completely separate. The ramp has 
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been redesigned to provide a zero pressure gradi- 
ent at the anticipated separation point. Prelimi- 
nary measurements with this new geometry show the 
flow to be separated for turbulent flow and separa- 
tion control experiments will begin soon. Another 
experiment on transitory stall in conical diffusers 
is being planned. Tests should begin in December, 
1987. 

3.1.7 Excitation of flow over a sphere and 
dual cylinders . Effects of acoustic excitation have 
been experimentally studied on a sphere wake and on 
the flow around a pair of circular cylinders held 
normal to the free-stream. Upon excitation at 
appropriate frequencies, the reversed flow region 
behind a sphere was shortened, causing an increase 
in the form drag. 58 This contrasts the behavior of 
streamlined bodies where excitation has been 
observed to reduce drag. The flow between two cir- 
cular cylinders "flip-flops" when they are spaced 
apart by less than one diameter. This flipping of 
the flow occurs because the wakes are asymmetric. 

With acoustic excitation the wakes can be made sym- 
metric and the flipping can be prevented. This 
removes large unsteady loads on the cylinders. 

3.2 Grants and Contracts 

The following is a summary of research activi- 
ties and some key results obtained so far under the 
current grant and contract program. Names of prin- 
cipal investigators are indicated. 

3.2.1 Lockheed-Georgia Co . The research group 
led by Dr. K.K. Ahuja has performed important 
research on both the understanding and practical 
use of excitation in enhancing the mixing of jet 
flows. Hot jets, both subsonic and supersonic, 
have been the subject of extensive study, 13,59,60 
and a large body of excitation data has been 
produced. If excitation is to be of practical use 
it is obvious that it must be effective for hot, 
high subsonic and supersonic jets. Disturbing 
trends were observed in the hot jet mixing data. 61 
Although the mixing due to excitation of a low 
speed (M = 0.3) jet was increased at elevated tem- 
perature, the reverse trend was observed for high 
speed jets (M = 0.8). Above about 680 K no effect 
of excitation was observed. This anomaly between 
hot and cold jet mixing enhancement has recently 
been resolved and is the subject of a presentation 
in this conference. 62 Heating the jet decreased 
the Reynolds number causing the jet initial bound- 
ary layer state to become laminar or transitional. 
This apparently caused rapid mixing due to natural 
instabilities. As a result, additional single fre- 
quency excitation produced no further improvement. 
That the lack of "excitability" of the hot jet was 
due to an Initial condition effect was demonstrated 
convincingly by tripping the initial boundary layer. 
The tripped hot jet behaved similar to the cold 
jet, and was found to be equally excitable. The 
initial condition effect may have also been respon- 
sible for an earlier observation by Jubelin, 63 who 
had reported a strong subharmonic in the noise 
spectra of an excited hot jet. A fully laminar ini- 
tial boundary layer state, likely in his jet at the 
elevated temperature, could explain this observa 
tion. 22 > 31 A subharmonic spike results from periodic 
pairing which in turn requires a laminar boundary 
layer. 22 The initial condition effect on jet excit- 
ability, at lower Mach numbers for cold jets, has 
been studied in-house at NASA Lewis and will be 
reported in this conference. 29 


A theoretical model has been developed at 
Lockheed by Tam and Morris 64 which calculates the 
velocity decay due to the mixing process in the 
jet. The theory was intended for use over a range 
of temperatures and velocities both with and with- 
out acoustic excitation. The predictions agreed 
with cold jet results but not with hot jet results. 
This is possibly due to the initial condition 
effect, as discussed above, which is not accounted 
for in the theory. (Dr. K.K. Ahuja). 

3.2.2 Brown University . The theoretical study 
of multiple wave interactions in a spatially devel- 
oping shear layer is being conducted. The theory 
uses the full set of conservation equations. The 
equations are averaged such that the mean flow, the 
coherent components and the fine grained turbulence 
are displayed. The coherent motion is split between 
odd and even modes thus providing a four element 
decomposition of the total flow. The mean flow is 
assumed to have a hyperbolic tangent type profile. 
The coherent structure components are assumed to 
have the transverse shape predicted by the eigen- 
fuctions of the linear theory which recently has 
been shown to be quite adequate by Petersen and 
Samet. 65 The shear layer thickness, which charac- 
terizes the mean motion, and the coherent disturb- 
ance amplitudes must be jointly determined as a 
function of the distance from the origin of the 
shear layer. A two-component theory has been 
reported by Nikitopoulos and Liu. 66 This theory 
allows the analysis of the interaction of a funda- 
mental disturbance frequency, the subharmonic, and 
the mean flow. The results show the phase between 
the two disturbances can be important in determin- 
ing the development of the shear layer. The 
theory also shows the mixing "saturation" which 
occurs as the fundamental and then the subharmonic 
disturbances mature and decay. The theory is shown 
to yield results which closely duplicate the exper- 
imental results of Ho and Huang. 23 (Professor 
J.T.C. Liu). 

3.2.3 University of Dayton . The mixing process 

in the shear layer of the axisymmetric jet is being 
studied using the full time-dependent Navier-Stokes 
equations which are numerically solved using Mac- 
Cormack's explicit finite difference algorithm. 
Subscale turbulence models are not used In the cal- 
culations to date. External excitation can be ap- 
plied through pressure or temperature perturba- 
tions at the upstream boundary of the jet pipe 
which simulates an upstream acoustic driver. Exci- 
tation has also been applied through pressure or 
temperature fluctuations on the pipe wall just 
inside the nozzle lip which simulates wall mounted 
acoustic drivers or heating strips. Scott 67 has 
compared his calculated large scale coherent struc- 
tures to those observed experimentally by Lepicov- 
sky et al. 61 Experimental observations of the 
coherent structures including pairing activity as 
influenced by the excitation is quite well 
described by the computation. However, much higher 
excitation levels are required in the calculations 
(160 dB) than in the experiment (144 dB) for compa- 
rable structures. This difference is being inves- 
tigated and might be as simple as a difference in 
measurement location. Some interesting points 
noted in the calculated results are: the coherent 

structures are qualitatively correctly predicted 
with the proper phase speed; pairing is observed 

as in the experiments; heat strip excitation just 
inside the jet lip is extremely effective; and the 
high speed hot jet is somewhat more excitable than 
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the comparable cold jet*®® Note the contrast of 
the last two points with the results of Refs. 43 
and 20. These are being investigated further. 

This numerical program should provide a useful tool 
for future enhanced mixing analysis, particularly 
when three-dimensional computation capability is 
added. (Professor J.N. Scott). 

3.2.4 Michigan State University . Experiments 
are conducted on the behavior of a single stream, 
plane mixing layer. The mixing layer is of 80 cm 
span which can be studied in the 300 cm long test 
section. Controlled excitation can be applied by 
a full span piston located 2.84 cm upstream of the 
separation point. Reynolds number, based on the 
initial momentum thickness 0(o), as high as 5500 
was obtainable. An interesting observation was 
the existence of a constant low frequency compo- 
nent, termed the ubiquitous frequency, throughout 
the entire entrainment domain. This corresponded 
to a Strouhal number, f u 0(o)/U o = 0.0018. It is 
inferred that the formation of the first large scale 
coherent motion at x/6(o) = 400, 70 or at 260 cm in 
the MSU facility, is the source of the ubiquitous 
frequency. Excitation, with the conditions: 

A * A 0 Cosut where A 0 = 3.6 mm or A o /0(o) =0.55 
and «/2ir = 15 Hz = fjr or f F 0(o)/U o = 0.0075 led 
to: (1) a widened shear layer in terms of the mean 

velocity profile but (2) with no apparent increase 
in the mass flux through the test section and (3) a 
reduced ubiquitous frequency of f u 0<o)/U o = 0.0014. 
Further experiments are being conducted (Professor 
J.F. Foss). 

3.2.5 University of Houston . The effect of 
excitation on the evolution of elliptic jets is 
studied experimentally. The effect has been found 
to be most pronounced at a Strouhal number, based 
on the equivalent diameter, of about 0.4. Such 
excitation results in significantly enhanced 
mixing; 71 the jet cross-sectional area measured at 
about x/D e = 5 increases by as much as 190 percent 
compared to the unexcited jet case. A 4:1 elliptical 
jet has been found to be more susceptible to the 
excitation than a 2:1 jet. Excitation at St = 0.85 
has been found to induce "jet column mode" of pair- 
ing, similarly as in an axisymmetric jet. In this 
case, however, the pairing process is more complicated 
and involves partial amalgamation of the non- 
axisymmetric coherent structures. Far-field noise 
measurements have also been carried out in the 
elliptical jets. It is argued that pairing of the 
coherent structures should not be the principal 

noise source in jets. (Professor A.K.M.F. Hussain). 

3.2.6 University of Ar i zona . The analysis of 
subharmonic resonance, in plane and axisymmetric 
mixing layers, is being carried out taking into 
account the effects of compressibility and tempera- 
ture. Key results obtained so far show that 
increasing either the Mach number or the tempera- 
ture reduces the growth rate of the subharmonic. 
"Weakly nonlinear" calculations for the stability 
of free shear layers is also being carried out. 

The calculation follows the temporal evolution of 
a wave packet. It has been shown that the wave 
packet must be imparted near the middle of the 
shear layer in order for it to receive maximum 
amplification. The magnitude of the "first Landau 
constant," which provides an indication of the 
degree of the nonlinearity, has also been calcu- 
lated systematically as a function of wave number 
and temperature. An interesting result is that the 
wavenumber components near the neutral point are 


found to suffer more nonlinearity than the ones 
receiving the maximum ampl if i cation . 73 (Professor 
T.F. Balsa). 

Numerical analysis and experiments were car- 
ried out on the axisymmetric jet "preferred mode," 
which is defined as the frequency component of 
external forcing receiving maximum amplification 
by the jet. Contrary to earlier suggestions that 
the "preferred mode" is the result of global insta- 
bility of the entire jet column or that it is an 
absolute instability, it is demonstrated that the 
preferred mode is actually a local, inflectional 
instability of the axisymmetric mixing layer. 65 

The modal distribution of the coherent struc- 
tures evolving near the nozzle of a circular jet 
were considered both analytically and experimen- 
tally. It has been shown that the cross-sectional 
shape of a jet can be distorted through the reso- 
nant interaction of two spinning modes with the 
same excitation frequency but with different cir- 
cumferential mode numbers. Interactions between 
modes m = 0 and m = 1 and between modes m = 0 and 
m = 2 have been considered, and it is demonstrated 
that, even on a time average basis, the circular 
cross-section of the jet undergoes distortion to 
oval or other shapes. Also investigated is the 
subharmonic resonance. The resonant interaction 
of a fundamental and a subharmonic of given mode 
numbers yielding a subharmonic of a different mode 
number, predicted analytically, is confirmed exper- 
imentally. 15 (Professors R.A. Petersen and 
I. Wygnanski). 

3.2.7 Ohio State University . Basic experimen- 
tal research in a supersonic shear layer is being 
carried out. The study is to include mean and 
unsteady flow measurements in a supersonic shear 
layer emanating from a backward facing step. 
Two-component LDV measurements, Schlieren photogra- 
phy as well as a modified Schlieren measurement for 
preferred frequencies are to be performed. Some 
preliminary measurements have been carried out in 
an existing small scale supersonic wind tunnel, 
primarily addressing the validity of the measure- 
ment techniques. Construction of a larger super- 
sonic wind tunnel, where the final experiments are 
to be done, is under way. (Professor M. Samimy). 

4. Research Plans at NASA Lewis 

Future research in the area of active control 
of flow should be divided into the categories of 
long term and short term efforts. The long term 
plan must include efforts which reveal the physics 
of the unsteady flow processes such that the role 
of the control signal is thoroughly understood. 

Basic work certainly seems to be needed. Chapman 
and Tobak 73 in contrasting the older statistical to 
the newer "structural" approach to turbulent flow 
research have stated, "in place of a theory without 
structure, the result to date has been structure 
without theory". Flow control, which largely stems 
from the concept that the coherent structure con- 
trols the flow and this structure can be controlled, 
directly suffers from the lack of understanding of 
the mechanisms involved. Research effort must con- 
centrate on the longer term goal of providing mod- 
els and theories for the unsteady, turbulent flow 
phenomena which we wish to control. One applica- 
tion which at present must be considered as long 
term is the manipulation and control of the 
extremely complex flows in the tip region of turbo- 
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machinery. Future advances in efficiency and stall 
margin depend upon controlling this unsteady flow. 
Perhaps, tip treatment has already provided realis- 
tic control presently achievable in this flow. But 
one must strive for further improvement. Armed 
with a clearer understanding of the flows and with 
the inclusion of microcomputers and microsensors, 
the goal of obtaining significantly improved effi- 
ciency with active flow control, say within a dec- 
ade, may be realistic. 

Computer experiments involving the time 
dependent equations performing direct numerical 
simulation will be a great aid in advancing the 
knowledge of unsteady flows. 74 ’ 6 7 ^ Properly con- 
structed computer solutions can provide detailed 
flow information which would be impossible to 
obtain any other way. These must be continuously 
validated by experimental measurements as the 
research progresses. The knowledge gained from 
the fundamental program in unsteady aerodynamics 
will be of great use in developing improved turbu- 
lence models upon which the progress of more con- 
ventional computational fluid mechanics depends. 

In the short term, many advances in flow con- 
trol can be made which will help to maintain momen- 
tum in the research area. An important aspect of 
success in these practical applications will be the 
development of usable excitation devices. The short 
term advances can occur through the use of the best 
available current knowledge and some patient cut- 
and-try techniques. We hope to achieve the first 
round of progress in practical control of inlet and 
diffuser flows, flows over airfoils, and signifi- 
cantly improved jet mixing in the near future. 
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